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We investigated the influence of minor additions of B, Al and Nb that have representative atomic sizes on the glass forming abi- 
lity (GFA) and stability of Zr-Ni amorphous alloys during mechanical alloying. The results show that the minor addition of B, Al 
or Nb does not shorten the initial time of the full amorphization reaction or improve the glass forming ability of the Zr-Ni alloys at 
a low rotation speed. However, B addition can effectively improve the mechanical stability of the amorphous phase against me-
chanically induced crystallization. Furthermore, the amorphous phase gradually transforms into a metastable fcc-phase with in-
creasing milling time. The addition of Al and Nb that have similar atomic sizes has a similar effect on the GFA and the mechani-
cal stability of the Zr-Ni amorphous phase. Moreover, Al and Nb addition can alter the crystallization behavior and improve the 
thermal stability of the Zr-Ni amorphous phase. 
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Many researchers are interested in the origin of the glass 
forming ability (GFA) of amorphous alloys. Minor alloy 
additions or microalloying technologies have been im-
portant metallurgical practices and dominant concepts for 
the development of new metallic crystalline materials in the 
late half of the 20th century. It has recently been reported 
that appropriate minor additions are very effective in in-
creasing GFAs and enhancing the thermal stability and me-
chanical properties of some metallic glasses [1–10]. More-
over, the minor addition approach also represents a feasible 
way to develop and design novel amorphous alloys. Our 
previous findings have shown that minor additions of single 
metalloid elements, metal elements or outphase amorphous 
alloys can effectively improve GFAs or enhance the me-
chanical stability of Zr-based alloys using mechanical al-
loying (MA) at given milling revolutions [11–15]. However, 
the mechanism of the minor addition has not been explained 
by fundamental theory in terms of glass formation and 
properties tailoring. It has been suggested that the additional 
atomic number, size mismatch or chemical affinity with 
constitutional elements may affect metallic glass formation 
and properties. 
According to their atomic radii, elements that have been 
used for minor addition can be categorized into three groups 
[16]: large atoms (Zr, 0.16025 nm [17]), intermediate atoms 
(Al, 0.14317 nm, Nb, 0.14290 nm, and Ni, 0.12459 nm [17]) 
and small atoms (B, 0.082 nm [17]). In this paper, we aim to 
systematically investigate the effect of the small atom B, 
and the intermediate atoms Al and Nb with similar atomic 
sizes on the microstructural evolution of a mechanically 
alloyed Zr66.7Ni33.3 amorphous alloy under the same milling 
conditions. It should be noted that we selected a lower mill-
ing speed (150 r min1) compared to our previously reported 
experimental conditions (200 or 300 r min1). Therefore, the 
influence of minor additions and milling speed on the solid- 
state amorphization and phase evolution of Zr-Ni alloys is 
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discussed to further improve the GFA and the stability of 
Zr-Ni amorphous alloys. 
1  Experimental 
Powder mixtures of elemental Zr (<70 μm, 99.9 wt% puri-
ty), Ni(<70 μm, 99.5 wt% purity), B (<70 μm, 99.5 wt% 
purity), Al (<70 μm, 99.5 wt% purity) and Nb (<70 μm, 
99.9 wt% purity) with nominal compositions of Zr66.7x 
Ni33.3Mx (M = B, Al, Nb and x = 0, 3 at%, 5 at%) were me-
chanically alloyed in a high energy ball mill (Fritsch P6) at 
a rotation speed of 150 r min–1. A chromium steel vial and 
balls were used in this work. Mechanical alloying was car-
ried out at room temperature in an Ar atmosphere with a 
ball-to- powder weight ratio of 15:1. To avoid an increase 
in the vial temperature, the milling procedure was periodi-
cally interrupted every 0.5 h and then halted for 0.5 h. In 
addition, the milling process was interrupted at various in-
tervals to remove small amounts of the milled products for 
analysis and characterization. Structural characterization of 
the as-milled powders was carried out using a Rigaku 
D/max-RB X-ray diffractometer (XRD) equipped with a Cu 
Kα radiation source, a Philips CM 20 transmission electron 
microscope (TEM) and a JEM-2100 high-resolution TEM 
(HRTEM). Thermal analysis of the as-milled samples was 
performed on a differential thermal analyzer (DTA) at a 
heating rate of 10 K min1. 
2  Results 
2.1  Effect of the small atom B 
Figure 1 shows the XRD patterns of the as-milled Zr66.7x 
Ni33.3Bx (x = 0, 3at%, 5 at%) powders after selected MA 
times. The as-milled Zr66.7Ni33.3 sample at the initial stage 
(16 h) is just a polycrystalline mixture of starting reactant 
powders, and this is indicated by the sharp Bragg peaks that 
correspond to elemental Zr and Ni (Figure 1A(a)). With an 
increase in the milling time up to 32 h the as-milled pow-
ders are still composed of Zr and Ni but a broadening of the 
crystalline diffraction peaks is observed because of the de-
crease in grain size and an increase in the atomic level strain 




Figure 1  XRD patterns of the as-milled (A) Zr66.7Ni33.3, (B) Zr63.7Ni33.3B3 and (C) Zr61.7Ni33.3B5 powders after different MA times. 
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unprocessed elemental powders disappeared and a pro-
nounced smooth halo appeared at 30°< 2θ < 42° implying 
the formation of a single amorphous phase (Figure 1A(c)). 
To explore the stability of the formed Zr66.7Ni33.3 amorphous 
phase against MA the powders were continuously milled at 
up to 108 h under the same ball milling parameters, as 
shown in Figure 1A (d–f). With an increase in the milling 
time up to 108 h it is surprising that the amorphous phase 
begins to transform into a new metastable phase character-
ized by the diffraction peaks from the reflections of the  
(111) and (200) planes (Figure 1A(f)). An analysis of the 
Bragg peaks of the new phase confirms the formation of a 
metastable fcc-Zr2Ni phase (fcc-Zr2Cu structure [18]). The 
XRD patterns of the as-milled Zr63.7Ni33.3B3 alloy are shown 
in Figure 1B. With an increase in the milling time to 48 h 
(Figure 1 B (c)) the milling products were found to still be 
composed of crystalline Zr and Ni. After 68 h of MA, a sin-
gle amorphous phase was obtained in the as-milled product, 
as shown in Figure 1B (d). By increasing the MA time to 
108 h the as-milled product was still a single amorphous 
phase (Figure 1B(e,f )). To explore the stability of the 
Zr63.7Ni33.3B3 amorphous phase against MA the powders 
were continuously milled at up to 168 h under the same ball 
milling conditions (Figure 1 B (g–i)). Mechanical crystalli-
zation of the Zr63.7Ni33.3B3 amorphous powders was found 
after 168 h of milling time. The amorphous phase partially 
transforms into a metastable fcc-Zr63.7Ni33.3B3 phase, as in-
dicated by the crystallization diffraction peaks for the (111), 
(200), (220) and (311) planes, as shown in Figure 1B(i). An 
analysis of the Bragg peaks for the new phase confirms the 
formation of a metastable fcc-Zr63.7Ni33.3B3 phase. By in-
creasing the MA time to beyond 188 h the residual amor-
phous phase gradually devitrifies into the fcc phase and no 
other phase can be identified, as shown in Figure 1B(j). 
However, by increasing B addition up to 5 at%, a single 
amorphous phase appears at 88 h of milling time (Figure 1 
C(e)). With an increase of the milling time up to 188 h the 
as-milled product is still a single amorphous phase, as 
shown in Figure 1C(f) to (j). This demonstrates that no me-
chanically induced crystallization occurs during the pro-
longed milling process, which is indicative of the high sta-
bility of the Zr61.7Ni33.3B5 amorphous phase.  
To verify the XRD results, some samples were selected 
to be examined using HRTEM. Figure 2 shows HRTEM 
images of the as-milled Zr63.7Ni33.3B3 powders after 128 h 
and 188 h of MA time, respectively. Figure 2(a) shows an 
isotropic maze pattern for the Zr63.7Ni33.3B3 powders after 
128 h, which is typical of an amorphous structure. Figure 
2(b) shows several nanocrystals with a size less than 10 nm 
embedded in the amorphous matrix of the Zr63.7Ni33.3B3 
powders after 188 h, as shown in the regions marked I, II 
and III. TEM observations further verify the above XRD 
results. Figure 3(a) shows a typical microstructure of the 
as-milled Zr63.7Ni33.3B3 alloy after 188 h of MA. The se-
lected-area electron diffraction (SAED) pattern consists of 




Figure 2  HRTEM images showing the microstructure of the as-milled Zr63.7Ni33.3B3 powders after 128 h (a) and 188 h (b) of MA time. 
 
Figure 3  TEM image showing the microstructure of the as-milled Zr63.7Ni33.3B3 powders (a) after 188 h of MA time. (b) SAED pattern corresponding to (a). 
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nanocrystalline characteristics of the corresponding micro-
structure. Furthermore, the SAED pattern also verifies that 
the nanocrystalline phase has an fcc-structure. In combina-
tion with the XRD result shown in Figure 1B(j), the nano-
crystalline phase is fcc-Zr63.7Ni33.3B3 and the diffraction 
rings from the (111), (200), (220) and (311) planes are also 
indexed in Figure 3(b). 
Figure 4 shows DTA traces of the as-milled Zr66.7xNi33.3Bx 
(x = 0, 3 at%, 5 at%) powders after 68 h of MA time. Each 
DTA trace shows three distinct exothermic peaks, corre-
sponding to the crystallization of the amorphous phase. The 
crystallization peak temperature Tp, which is indicated by 
arrows does not vary significantly with B addition. There-
fore, the addition of B cannot lead to an altered crystalliza-
tion mode of the Zr-Ni amorphous alloys. Thus, we pre-
sume that B with a small atomic size is able to diffuse into 
the Zr-Ni matrix during MA. The solute B does not obvi-
ously cause a lattice distortion or alter the random configu-
ration of Zr-Ni amorphous alloys. Therefore, B addition has 
no obvious effect on the crystallization mode of the Zr-Ni 
amorphous alloys. 
2.2  Effect of the intermediate atoms Al and Nb with 
similar atomic sizes 
Figure 5 shows the XRD patterns that were obtained from 
the Zr63.7Ni33.3Al3, Zr61.7Ni33.3Al5, Zr63.7Ni33.3Nb3 and Zr61.7 
Ni33.3Nb5 samples subjected to MA for different milling 
times. The structural evolution in those four alloys is similar 
to what was noted for the Zr63.7Ni33.3B3 alloy that was milled 
for 88 h (Figure 5 A–D (a–e)). With an increase in the mill-
ing time of up to 108 h, however, two crystalline diffraction 
peaks appear at 2θ = 30°–37° and 38°– 42° on the XRD pat-
tern of Zr63.7Ni33.3Al3, and they overlap with a broad diffuse 
hump (Figure 5 A (f)). This indicates that the amorphous 
phase begins to show mechanical crystallization and trans-
forms into a new metastable phase, which is characterized  
 
 
Figure 4  DTA traces of the as-milled Zr66.7xNi33.3Bx (x = 0, 3 at%, 5 at%) 
powders after 68 h of MA time (The crystallization peak temperature Tp is 
indicated by arrows). 
by the diffraction peaks from the reflections at (111) and 
(200). An analysis of the Bragg peaks of the new phase 
confirms the formation of a metastable fcc-Zr63.7Ni33.3Al3 
phase (fcc-Zr2Cu structure [18]). However, by prolonging 
the MA time to 108 h the milling product of the Zr61.7Ni33.3 
Al5, Zr63.7Ni33.3Nb3 and Zr61.7Ni33.3Nb5 samples was still full 
amorphous and it is stable and capable of withstanding the 
shear and impact stresses that are generated by the milling 
media (Figure 5 A–D(f)). The final milling time was 108 h 
for the Al and Nb addition, which is identical to that for 
Zr66.7Ni33.3 without addition. The initial mechanical crystal-
lization time was 108 h for the 3 at% Al addition. Therefore, 
we did not prolong the milling time any further for the in-
termediate atom additions. It is necessary to further study 
the microstructural evolution of ZrNiAl and ZrNiNb during 
the milling process with an MA time longer than 108 h. 
Figure 6 shows TEM image and SAED patterns of the 
as-milled Zr63.7Ni33.3Al3 powders after 108 h of MA time. 
The particle in Figure 6(a) consists of several nanocrystals 
less than 50 nm in the amorphous matrix. The SAED pat-
tern corresponding to area I shows a diffuse halo indicating 
the amorphous nature of this area (Figure 6(a-1)). The 
SAED pattern corresponding to area II verifies that the 
nanocrystalline phase has an fcc structure (Figure 6(a-2)). In 
combination with the XRD results shown in Figure 5 A(f) 
the nanocrystalline phase is the metastable fcc- Zr63.7Ni33.3 
Al3 phase and the diffraction rings from the (111), (200) and 
(220) planes are also indexed in Figure 6(a-2). 
To further investigate the effect of Al and Nb addition on 
the thermal stability of the Zr-Ni amorphous alloys, some 
samples were selected for examination by DTA. Figure 7 
shows DTA traces of the as-milled Zr66.7xNi33.3Mx (M = Al, 
Nb and x = 0, 3 at%, 5 at%) powders after 68 h of MA time. 
From Figure 7(b), (d) and (e), the Zr-Ni amorphous alloys 
with Al (3 at% and 5 at%) and Nb (5 at%) additions exhibit 
a distinct single-stage crystallization mode, which is differ-
ent from the three-stage mode of Zr66.7Ni33.3 (Figure 7(a)) 
and the two-stage mode of Zr63.7Ni33.3Nb3 (Figure 7(c)). Tp1 
shows a growing trend upon Al and Nb addition at the same 
milling time (68 h) as highlighted by the dashed arrows in 
Figure 7. To some extent, the addition of Al and Nb with 
intermediate atom sizes can alter the crystallization behav-
ior and improve the thermal stability of the Zr-Ni amor-
phous alloys. 
3  Discussion 
Here, the termination time of the amorphization reaction 
(the formation time of a single amorphous alloy) during MA 
is defined as tfa, which can be used to measure the GFA of 
the Zr66.7xNi33.3Mx (M = B, Al, Nb and x = 0, 3 at%, 5 at%) 
alloys. According to our results (Figures 1 and 5) the tfa 
values for the Zr66.7xNi33.3Mx (M = B, Al, Nb and x = 0,   
3 at%, 5 at%) alloys during MA were determined and are   
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Figure 5  XRD patterns of the as-milled (A) Zr63.7Ni33.3Al3, (B) Zr61.7Ni33.3Al5, (C) Zr63.7Ni33.3Nb3 and (D) Zr61.7Ni33.3Nb5 powders after different MA times.
 
Figure 6  Typical bright field TEM image obtained from the as-milled 
Zr63.7Ni33.3Al3 powders (a) after 108 h of MA time; (a-1) and (a-2) the 
corresponding SAED patterns obtained from the regions marked I and II in 
(a), respectively. 
 
Figure 7  DTA traces of the as-milled Zr66.7xNi33.3Mx (M = Al, Nb and x 
= 0, 3 at%, 5 at%) powders after 68 h of MA time (The crystallization peak 
temperature Tp is indicated by arrows) . 
 
listed in Table 1. B, Al and Nb addition does not shorten the 
tfa and improve the GFA of the Zr-Ni alloys under ball 
milling conditions. For 5 at% B addition, the tfa is 88 h, 
which is much longer than that of the Zr66.7Ni33.3 alloy. This 
demonstrates that small and intermediate atom additions are  
detrimental to the GFA of Zr-Ni alloys by MA at the lower 
milling speed (150 r min1). However, it is worth noting that 
a proper addition of small atom C [15] can significantly 
improve the GFA of Zr-Ni alloys at high milling speeds 
(200 or 300 r min1), as determined in our previous work.  
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Table 1  The termination time of the amorphization reaction (tfa) and the 
lifespan of the amorphous phases (tsl) for Zr66.7xNi33.3Mx (M = B, Al, Nb 
and x = 0, 3, 5 at%) alloys under the same milling conditions 
























The rotation speed of ball milling has a significant influence 
on the formation of the amorphous phase by MA [13]. The 
velocity and impact frequency of the milling balls increase 
with an increase in the rotation speed. During milling, the 
relationship between the average velocity vb, the average 
impact frequency f and the rotation speed  can be ex-
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where a1–a5 and b1 are constants related to the geometric 
size and quality of the ball mill and the vial, mp is the pow-
der weight, RBP is the ball-to-powder weight ratio and rb is 
the radius of the milling balls. Eqs.(1) and (2) indicate that 
vb and f are proportional to the rotation speed. Firstly, in-
creasing the rotation speed can improve the velocity of the 
milling balls and thus enhance the energy of the powders 
that are transferred by the impact behavior of the balls. 
Secondly, an increase in rotation speed can improve the 
collision frequency of the milling balls and also increase the 
energy captured by the powders, which can enhance the 
diffusion driving force among the atoms and accelerate the 
solid-state reaction. Therefore, the rotation speed plays an 
important role in the formation of an amorphous phase by 
MA. Small atom B cannot easily occupy interstitial free 
space among the major constituent atoms because of the 
weaker shear and impact forces generated by the milling 
media using the lower milling speed (150 r min1). Thus, B 
addition does not result in a more confusional atomic ar-
rangement and it decreases the GFA of the Zr-Ni alloy un-
der these experimental conditions. Intermediate atoms of Al 
and Nb, which have a marginal mismatch of atomic sizes 
between Zr and Ni are unable to introduce strain into the 
crystal lattice and are ineffective in enhancing the GFA. 
However, the effect of Al and Nb on improving the atomic 
packing density is better than that of small atom B. The ad-
dition of Al and Nb does not obviously decrease the GFA  
with an increase in content to 5 at% and their tfa values are 
still 68 h. 
Here, the lifespan (stability) of the Zr-Ni amorphous 
phases (tsl) was used to study the effect of B, Al and Nb 
addition on the microstructural evolution of the Zr-Ni 
amorphous phase. Table 1 lists the lifespan of the amor-
phous phases obtained under the same milling conditions. 
The tsl value of the Zr66.7Ni33.3 amorphous phase is 60 h. The 
tsl value increases to more than 100 h with an increase in B 
addition. B addition can greatly enhance the mechanical 
stability of the Zr-Ni amorphous phases. Because of its 
strong atomic bonding with metallic elements, small addi-
tions of metalloid atoms can enhance the short-range com-
positional order. Therefore, the mechanical stability of the 
amorphous phase improves. Therefore, the rearrangement of 
atoms in the Zr66.7xNi33.3Bx (x = 3 at%, 5 at%) alloys be-
comes much more difficult. However, Al addition (3 at%) 
shortens the lifespan (40 h) and decreases the mechanical 
stability of the Zr-Ni amorphous phases. This can be ex-
plained by considering the diffusivity of intermediate atoms 
in Zr-Ni. Al atoms have a faster diffusivity in Zr-Ni and will 
promote the mechanically induced crystallization of the 
amorphous phase to some extent. The effect of Al (5 at%) 
and Nb (3 at%, 5 at%) addition on mechanical stability is 
better than that of 3 at% Al addition. 
4  Conclusions 
The minor addition of B, Al and Nb does not decrease the 
initial time of the full amorphization reaction and has a neg-
ligible influence on the GFA of Zr-Ni alloys during MA at a 
low rotation speed. However, small atom B addition can 
obviously increase the mechanical stability of the Zr-Ni-B 
amorphous phase against mechanically induced crystalliza-
tion during ball milling. Moreover, B addition has no obvi-
ous effect on the crystallization mode of the Zr-Ni amor-
phous alloys. The addition of Al and Nb with similar atomic 
sizes shows a similar effect on the GFA and the mechanical 
stability of the Zr-Ni amorphous phase. Moreover, Al and 
Nb addition can alter the crystallization behavior and im-
prove the thermal stability of the Zr-Ni amorphous alloys. 
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